In both prokaryotic and eukaryotic organisms, nucleoside diphosphate kinase is a multifunctional protein, with well defined functions in ribo-and deoxyribonucleoside triphosphate biosynthesis and more recently described functions in genetic and metabolic regulation, signal transduction, and DNA repair. This paper concerns two unusual properties of nucleoside diphosphate (NDP) kinase from Escherichia coli: 1) its ability to interact specifically with enzymes encoded by the virulent bacteriophage T4 and 2) its roles in regulating metabolism of the host cell. By means of optical biosensor analysis, fluorescence spectroscopy, immunoprecipitation, and glutathione S-transferase pull-down assays, we have shown that E. coli NDP kinase interacts directly with T4 thymidylate synthase, aerobic ribonucleotide reductase, dCTPase-dUTPase, gene 32 single-strand DNA-binding protein, and deoxycytidylate hydroxymethylase. The interactions with ribonucleotide reductase and with gp32 are enhanced by nucleoside triphosphates, suggesting that the integrity of the T4 dNTP synthetase complex in vivo is influenced by the composition of the nucleotide pool. The other investigations in this work stem from the unexpected finding that E. coli NDP kinase is dispensable for successful T4 phage infection, and they deal with two observations suggesting that the NDP kinase protein plays a genetic role in regulating metabolism of the host cell: 1) the elevation of CTP synthetase activity in an ndk mutant, in which the structural gene for NDP kinase is disrupted, and 2) the apparent ability of NDP kinase to suppress anaerobic growth in a pyruvate kinase-negative E. coli mutant. Our data indicate that the regulatory roles are metabolic, not genetic, in nature.
1 synthesis play two functions in T4 infection: 1) replacing the dCTP pool by 5-hydroxymethyl-dCTP, which gives rise to the novel phage-specific pyrimidine DNA base, 5-hydroxymethylcytosine, and 2) increasing the total rate of dNTP synthesis, necessary to sustain DNA accumulation at rates up to 10-fold higher per cell than the preinfection rate.
In 1963 Bello and Bessman (1) showed that the level of one dNTP-synthesizing enzyme, nucleoside diphosphate kinase, did not change appreciably after T4 infection. As studied in extracts of T4-infected Escherichia coli, the specific activity of NDP kinase in either uninfected or infected E. coli is much higher than that of the phage-coded enzyme deoxyribonucleoside 5Ј-monophosphate kinase (gp1), which converts dNMPs to the dNDP substrates used by NDP kinase for dNTP synthesis (2, 3) . This suggests that NDP kinase of the host cell carries out the conversion of dNDPs to dNTPs for phage DNA synthesis. That the activity of NDP kinase is so high should perhaps not be surprising, because the enzyme is also responsible for ribonucleoside triphosphate synthesis, and rNTP pools in E. coli and in other cells are much higher than those of dNTPs.
We have argued that to sustain high rates of DNA accumulation, the infected cell needs not only increased levels of dNTPsynthesizing enzymes but a mechanism to maintain saturating dNTP concentrations at replication sites in the face of the enormous local dNTP pool turnover accompanying replication. Our laboratory (4) and that of G. R. Greenberg (5) have proposed that the enzymes of dNTP synthesis form a multienzyme complex and that this "dNTP synthetase" complex is juxtaposed with the replisome, so as to allow direct channeling of dNTPs to replication sites. Considerable evidence supports this model (7) (8) (9) . 2 If the model is correct, then E. coli NDP kinase, which catalyzes the last reaction in dNTP synthesis, occupies a strategic position in the flow of nucleotides from the dNTP synthetase complex to the associated replisome. Therefore, it is perhaps not surprising that the enzyme behaves as if associated with the dNTP synthetase complex, as shown both by sedimentation analysis (4, 7) and kinetic experiments on catalysis of multi-step reaction pathways (4, 8) . Moreover, the enzyme associates, directly or indirectly, with about a half-dozen phage-coded proteins of dNTP and DNA metabolism, as shown by analysis of T4 proteins retained on columns of immobilized recombinant NDP kinase (9) . On the other hand, it perhaps is surprising that an enzyme of the host cell interacts so specifically with proteins encoded by a virus whose goal is destruction of that bacterium. In this paper we investigate at the level of purified proteins some of the interactions involving NDP kinase, trying to distinguish direct interactions from indirect associations, in which the associated proteins interact with a common protein but not with each other.
Even more unexpected was the finding in the laboratory of M. Inouye (10) that E. coli NDP kinase is dispensable for successful T4 infection. This stemmed from the observation that site-specific disruption of ndk, the structural gene for NDP kinase, had little or no effect upon the ability of the bacteria to support T4 growth. This led to the finding by Lu and Inouye (11) that under some circumstances adenylate kinase, another host cell enzyme, can catalyze sufficient dNTP synthesis to support T4 infection. Evidence presented elsewhere (7) indicates that adenylate kinase is also a component of the T4 dNTP synthetase complex.
In both prokaryotic and eukaryotic cells NDP kinase is a complex protein that evidently plays important roles unrelated to nucleoside triphosphate synthesis. For instance, in mammalian cells, one isoform of the enzyme is a metastatic tumor suppressor (12, 13) , and another isoform is a transcription factor, evidently with the c-myc gene as one of its targets (14) . Both pro-and eukaryotic forms of the enzyme have been reported to have associated DNA binding and nuclease activities (15) (16) (17) . In addition the E. coli enzyme has been reported to possess three activities of a base excision repair pathway, including uracil-N-glycosylase (18) , although that latter conclusion has been challenged (19) . While analyzing, in collaboration with the Inouye laboratory, the unusual phenotypes of E. coli ndk mutants, we made two observations suggesting that the protein might function as a genetic regulator of bacterial metabolism (20) . In this paper we explore these possibilities. (10) . E. coli contains two pyruvate kinase isoforms, encoded by genes pykA and pykF. In some figures the term pyk is used to show that both pyruvate kinase genes are inactive. E. coli QL1387 was transformed with pKT8P3 containing wild-type ndk cloned into pUC9 (21) and also transformed with a plasmid expressing inactive NDP kinase, prepared as described below.
EXPERIMENTAL PROCEDURES

Bacteria and
Construction of H117G Mutant of E. coli NDP Kinase-With pKT8P3 as template, we amplified a 2.4-kb fragment lying between a unique KpnI site adjacent to codon 117 that encodes the active site histidine and a HindIII site in the vector. One of the primers for this amplification was designed to alter codon 117 from CAC, encoding a histidine, to GGC, encoding a glycine. The resulting PCR product was digested with KpnI and HindIII. pKT8P3 was treated with KpnI and HindIII, and the two resulting fragments were separated on a preparative gel. The larger fragment was recovered from the gel and then ligated to the PCR product carrying the altered codon to obtain pndkH117G.
Cloning and Expression of the ndk Gene-For improved expression of NDP kinase, the ndk gene was amplified from E. coli B genomic DNA by PCR using primers containing NdeI and BamHI restriction sites. Following ligation of the NdeI-BamHI fragment into the corresponding sites of pET-9a (Novagen), the resulting pET9ndk construct was transformed into NovaBlue Singles Competent cells (Novagen). After PCR analysis of the transformants, the plasmid from one was sequenced and subsequently transformed into Tuner(DE3)pLysS cells (Novagen). Cultures of these bacteria carrying the pET9ndk plasmid were incubated in LB medium supplemented with 50 g/ml kanamycin and 50 g/ml chloramphenicol at 37°C. When the cells reached an A 600 of 0.8, the overexpression of NDP kinase was induced by the addition of 200 M IPTG. After 2-3 h of induction at 37°C, the cells were harvested by centrifugation, and the pellet was frozen in liquid N 2 .
Purification of Recombinant E. coli NDP Kinase-The pellet was resuspended in a buffer of 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl 2 , and 20 mM ␤-mercaptoethanol containing leupeptin, pepstatin A, benzamidine, and aprotinin. Following sonic oscillation and the addition of 10 g/ml DNase I, the lysate was centrifuged at 92,000 ϫ g for 60 min. The supernatant was subjected to ammonium sulfate fractionation. The pellet from the 40 -60% cut was resuspended in 20 mM Tris-HCl, pH 8.0, 20 mM ␤-mercaptoethanol, desalted on an Econo-Pac 10DG column (Bio-Rad), equilibrated with 20 mM Tris-HCl, pH 8.0, and then applied to a POROS 10 HQ anion exchange column (4.6 ϫ 100 mm) for fractionation on a BioCad 700E perfusion chromatography work station (Applied Biosystems). Following a 2-min wash step in 20 mM Tris-HCl, pH 8.0, NDP kinase was eluted with a 5-min linear gradient of NaCl (0 -500 mM in 20 mM Tris-HCl, pH 8.0). The flow rate for the entire run was 5.0 ml/min. The major peak was concentrated in a Centriprep-10 (Millipore) at 4°C and further purified on a Superdex 200 HR 10/30 size exclusion column (Amersham Biosciences) in degassed 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl. The purified NDP kinase was stored on ice in 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 5 mM dithiothreitol. The yield was about 1.5 mg/g of cell paste, and the product was electrophoretically homogeneous, suggesting a purity of at least 98%.
Coimmunoprecipitation Analysis using E. coli NDP Kinase Antibodies-Total proteins in E. coli overexpressing a recombinant T4 gene of interest were radiolabeled with [ (9) 2 for 30 min during induction of the enzyme under study. An extract of the radiolabeled cells was incubated for 2 h either with antibodies against E. coli NDP kinase, purified by affinity chromatography on immobilized NDP kinase, or with preimmune serum. Incubation, on ice, was carried out in Nonidet P-40 buffer (0.1 M potassium glutamate, 0.5 mM magnesium acetate, 1 mM phenylmethylsulfonyl fluoride, 1% Nonidet P-40, and 0.15 M NaCl). Protein A-Sepharose was added, and the mixture was rocked at 4°C and then centrifuged at 15,000 rpm for 15 s. The supernatant was removed, and the protein A pellets were washed three times with Nonidet P-40 buffer. Each protein A pellet was resuspended in 2ϫ SDS sample buffer, and each sample was placed in a boiling water bath for 5 min and then used for one-dimensional SDS-polyacrylamide gel electrophoretic analysis GST Pull-down Analysis-A GST-NDP kinase fusion protein was prepared by first amplifying gene ndk from E. coli genomic DNA, using primers containing BamHI and XhoI restriction sites at the 5Ј and 3Ј ends, respectively. The PCR product was digested with BamHI and XhoI. The fragment was purified by gel electrophoresis and ligated into pGEX-5x-1 (provided by Dr. Terri Lomax, Oregon State University). Restriction and sequencing analysis of recombinants yielded a plasmid, pGEX-ndk, that was transformed into the Origami(DE3) E. coli strain. Expression of NDP kinase fused to glutathione S-transferase was induced in super broth with 0.5 mM IPTG, when the cell culture reached an A 600 of 0.7-0.8. The identity of the fusion protein was confirmed by SDS-PAGE followed by immunoblotting analysis with E. coli NDP kinase antibodies.
To examine the interaction of E. coli NDP kinase with T4 aerobic ribonucleotide reductase (RNR) and dCMP hydroxymethylase (dCMP HMase), E. coli Origami (DE3), Origami(DE3)/pGEX, Origami(DE3)/-pGEX-ndk, Origami(DE3)/pnrdAB (expressing T4 RNR), and Origami-(DE3)/pT7-42 (expressing T4 dCMP HMase) were cultured in super broth to an A 600 of about 0.8, and then protein expression was induced with 0.5 mM IPTG. The induction temperature was 30°C for Origami(DE3)/pnrdAB and 37°C for the other strains. The cells were harvested after 2 h of induction and then resuspended in 2 volumes of resuspension buffer (10 mM Na 2 HPO 4 , 2.7 mM KCl, 1.8 mM KH 2 PO 4 , 140 mM NaCl, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, and 5 mM dithiothreitol, pH 7.4). Next was added 0.1 volume of egg white lysozyme, 10 mg/ml in 25 mM Tris-HCl, pH 8.0. Brief sonic oscillation caused nearly total cell lysis, and this was followed by the addition of DNase I to 10 g/ml. Total protein concentrations in the cell lysates were adjusted to the same value. The lysates containing expressed ribonucleotide reductase and dCMP hydroxymethylase were mixed separately with equal volumes of the lysates of the Origami(DE3) strains either with no plasmid, with the pGEX vector alone, or with the pGEX-ndk, expressing the GST-NDP kinase fusion protein. Pre-equilibrated glutathione-Sepharose 4B (Amersham Biosciences) was added, and each mixture was next rocked for 2 h at 4°C and then centrifuged for 5 min at 5000 rpm. The glutathione beads were washed three times each in resuspension buffer. After washing, the proteins bound to the beads were eluted with glutathione elution buffer (100 mM Tris-HCl, pH 8.0, 120 mM NaCl, 10 mM dithiothreitol, and 20 mM glutathione). The eluates were mixed with 1 volume each of 2ϫ SDS sample buffer and boiled for 2 min. The proteins were resolved by 12% SDS-polyacrylamide gel electrophoresis and then identified by immunoblotting, using antisera against the respective proteins.
Cloning and Expression of pyrG-The pyrG gene encoding E. coli CTP synthetase was amplified from E. coli B genomic DNA by PCR using primers containing NdeI and Eco31I/BamHI restriction sites. The PCR product was ligated into an EcoRV-digested Bluescript vector. Following the transformation of DH5␣ cells, this construct was purified, digested with Eco31I (yielding a free BamHI end) and NdeI, and then ligated into pET-9a. The resultant pET9pyrG construct was transformed into DH5␣ cells. After PCR analysis of the transformants, the plasmid from one was sequenced and subsequently transformed into BL21(DE3)pLysS cells. For expression, cultures of BL21 (DE3)pLysS cells carrying the pET9pyrG plasmid were incubated in LB medium supplemented with 50 g/ml kanamycin and 50 g/ml chloramphenicol at 37°C. When the cells reached an A 600 of 0.8, the overexpression of CTP synthetase was induced by the addition of 400 M IPTG. After 2-3 h of induction at 30°C, the cells were harvested by centrifugation, and the pellet was frozen in liquid N 2 .
Purification of Recombinant E. coli CTP Synthetase-The pellet was resuspended in a buffer of 200 mM potassium phosphate, pH 7.8, 20 mM glutamine, and 10 mM ␤-mercaptoethanol containing leupeptin, pepstatin A, benzamidine, and aprotinin. Following sonication, the lysate was centrifuged at 92,000 ϫ g for 60 min. The supernatant was subjected to ammonium sulfate fractionation (28.5 g/100 ml of supernatant) (22, 23). The resulting pellet was redissolved in 20 mM Tris-HCl, pH 8.0, 4 mM L-glutamine, and 20 mM ␤-mercaptoethanol, desalted on an Econo-Pac 10DG column equilibrated with the same buffer, and then applied to a POROS 10 HQ anion exchange column (4.6 ϫ 100 mm) for purification on the BioCad 700E work station. Following a 2-min wash step in 20 mM Tris-HCl, pH 8.0, CTP synthetase was eluted with a 5-min linear gradient of NaCl (0 -500 mM in 20 mM Tris-HCl, pH 8.0). The flow rate for the entire run was 5.0 ml/min. The major peak was concentrated in a Centriprep-10 at 4°C and further purified on a Superdex 200 HR 10/30 size exclusion column in degassed 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl. Purified CTP synthetase was stored on ice in 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 5 mM dithiothreitol. The yield was 5-8 mg of electrophoretically homogeneous enzyme/liter of bacterial culture. The enzyme was used to prepare rabbit polyclonal antiserum by methods described previously (9, 24) .
Other Proteins and Enzymes-E. coli thymidylate synthase was kindly provided by Drs. Frank and Gladys Maley. T4 thymidylate synthase, gp32, gp56 (dCTPase/dUTPase), dihydrofolate reductase, and aerobic ribonucleotide reductase were purified as described previously (9) . In some cases an additional gel filtration step was performed on a Superdex 200 HR 10/30 column to improve final purity.
Other Procedures-Fluorescence spectra were recorded in a PerkinElmer Life Sciences Luminescence Spectrometer LS50. All of the proteins were in KGMT buffer (150 mM potassium glutamate, 4 mM magnesium acetate, 20 mM Tris-HCl, pH 7.4). The excitation wavelength was 290 nm, and the spectra were recorded from 290 to 450 nm. Procedures for optical biosensor analysis, protein affinity chromatography, two-dimensional gel electrophoresis, and GST pull-down analysis were as described in previous papers from this laboratory (9, 25, 26) . 2 
RESULTS
Protein-Protein Interactions
Involving NDP Kinase-Nucleoside diphosphate kinase occupies a distinctive location on metabolic charts at the interface between nucleotide biosynthesis and nucleotide polymerization, leading both to DNA and RNA. In bacteriophage T4 infection NDP kinase is even more distinctive, as one of very few enzymes in DNA metabolism that is not encoded by the virus; adenylate kinase also falls into this category (7, 11) . In our earliest publications on the T4 dNTP synthetase complex, we reported that E. coli NDP kinase is both physically and kinetically linked to phage-coded enzymes of dNTP biosynthesis (4, 7, 8) . Later we carried out protein affinity chromatography with immobilized NDP kinase and found (9) that a column of this material retained several T4 enzymes of dNTP synthesis, including dihydrofolate reductase and ribonucleotide reductase large subunit; and several replication/recombination proteins, including products of genes 32, 45, 61, and uvsY. Comparable experiments are described in a more recent paper, 2 where we identified several phage proteins that are coimmunoprecipitated by antiserum to E. coli NDP kinase in the presence and absence of the gene 32 single-strand DNA-binding protein.
Although the above approaches support the concept of a physical linkage between the apparati for dNTP synthesis and DNA replication, neither technique is able to distinguish direct protein-protein interactions from secondary associations, in which two proteins are joined because of their common linkage to a third protein. To understand the evidently specific associations of a cellular enzyme with several virus-coded proteins, it seemed important to identify those associations that represent direct protein-protein interactions. This has been done after carrying out extensive purification of the relevant enzymes as recombinant proteins. Fig. 1 depicts experiments involving fluorescence spectroscopy. NDP kinase contains no tryptophans and hence is nonfluorescent. Fig. 1A shows the fluorescence of an equimolar mixture of NDP kinase and T4 aerobic ribonucleotide reductase (T4 RNR) to be enhanced relative to the fluorescence expected if the proteins do not interact. Fig. 1B involves a similar experiment with NDP kinase and T4 thymidylate synthase; here an enhancement of fluorescence was also seen but smaller than that observed by mixing NDP kinase with T4 RNR.
Because the enhancement by NDP kinase of T4 RNR fluorescence was so small and because significant amounts of protein are needed for the fluorescence assays, we turned our attention to optical biosensor analysis, a much more sensitive technique, which generates useful data from minute amounts of protein. Both the IAsys biosensor, which we used, and the BIAcore instrument measure minute changes in refractive index that occur at the interface between a protein in solution and a protein immobilized in a thin layer. Fig. 2 presents data from an experiment with immobilized NDP kinase and several T4 proteins, including T4 thymidylate synthase, aerobic ribo- nucleotide reductase, and the multifunctional dCTPase/dUTPase encoded by gene 56. All three of these enzymes have been assigned roles in the T4 dNTP synthetase complex, and all display significant affinity for NDP kinase, as judged by the rapid initial association rates. Significant association was seen also with gp32, the single-strand DNA-binding protein of T4. This is important, because we have proposed that gp32 plays a role in recruiting enzymes of the dNTP synthetase complex to replication sites (9) , and further evidence for our model is presented elsewhere.
2 Fig. 2 also shows two negative controls, one with purified E. coli CTP synthetase and, strikingly, one with purified E. coli thymidylate synthase. It is somewhat surprising that NDP kinase of the host cell interacts with thymidylate synthase of the phage destined to destroy that cell but not (by the criteria used here) with the host cell's own thymidylate synthase.
The interaction between NDP kinase and gp32 was investigated further by following to equilibrium the binding reaction between gp32 in solution and immobilized NDP kinase at a range of gp32 concentrations. From these data (Fig. 3) we calculated an apparent dissociation constant of about 2 M. gp32 has been estimated to accumulate in T4-infected bacteria to about 10,000 molecules/cell (27) . From the average volume of a T4-infected bacterium (28) , this number yields an estimate of 15 M for the intracellular concentration of gp32. Even though we do not have an estimate for the molar concentration of NDP kinase, the data suggest that the association of these two proteins within the cell is significant.
Effects of Nucleotides on Protein-Protein
Interactions-Several observations over the years in our laboratory suggest that small molecules: substrates, coenzymes, allosteric modifiers, influence the protein-protein associations that stabilize the T4 dNTP synthetase complex. Most striking are first, the pronounced stimulatory effect of allosteric effectors on interaction of the R1 and R2 proteins of aerobic ribonucleotide reductase (29) , and second, the strong effects of ATP upon retention of T4 proteins by a column of immobilized aerobic ribonucleotide reductase (9) . Fig. 4 shows an experiment carried out at the purified protein level. In a biosensor experiment, ATP at nearly physiological concentrations was seen to strongly promote the association of immobilized E. coli NDP kinase with T4 aerobic ribonucleotide reductase.
ATP has a similar effect upon the association of NDP kinase in solution with gp32, as shown by a pull-down experiment involving a GST-gp32 fusion protein (Fig. 5) . In this experiment the association of NDP kinase with the GST-gp32 fusion was completely dependent upon added nucleotide (at 2.5 mM in this experiment). dADP was found to be somewhat less effective than ATP in promoting this association. dCTP and the nonhydrolyzable ATP analog AMP-PNP were both roughly equivalent to ATP. ATP and dADP are both substrates for NDP kinase, suggesting that the effects of these nucleotides may be at the active site rather than at allosteric sites.
Associations In one experiment, as shown, ATP was added at 1 min to buffer in an IAsys cuvette containing immobilized NDP kinase, followed 4 min later by addition of T4 RNR. In a complementary experiment RNR was added first, followed several minutes later by ATP.
FIG. 5.
Effects of nucleotides on the association between GSTgp32 and E. coli NDP kinase. Purified GST-gp32 (0.08 nmol) was mixed in buffer containing 10 mM MgCl 2 with 1.9 nmol of NDP kinase in the presence of nucleotides as indicated, each at 2.5 mM. Pull-down analysis with glutathione-Sepharose CL-4B was as described under "Experimental Procedures. " NDPK kinase (NDPK) and GST-gp32 were identified in the precipitates by immunoblotting (first and third panels). The second and fourth panels depict immunoblots of the input GSTgp32 and NDP kinase, respectively. we wished to distinguish direct from secondary or indirect associations. A useful approach was to use recombinant DNA technology to express one phage protein in an E. coli strain and then to determine whether that one protein interacts with endogenous NDP kinase in vivo. Figs. 6 and 7 show two distinct approaches, each of which demonstrates direct interactions between E. coli NDP kinase and both T4 aerobic rNDP reductase and T4 dCMP hydroxymethylase. Fig. 6 depicts an immunoprecipitation experiment. In the top panel E. coli carrying a plasmid that expresses T4 genes nrdA and nrdB, which encode the two protein subunits of rNDP reductase, was grown, and an extract was subjected to immunoprecipitation analysis with antiserum to E. coli NDP kinase. The middle panel shows a comparable experiment in which the test extract was from an E. coli strain expressing T4 dCMP hydroxymethylase. In both cases anti-NDP kinase precipitated proteins whose molecular weights correspond to those of the test enzymes, and little or no immunoprecipitation was detected in the control experiments with preimmune serum and E. coli strains not expressing the respective phage enzymes. Because in each test extract the only T4 protein present is the one expressed from the respective recombinant plasmid, this experiment demonstrates direct and independent interactions between NDP kinase and both rNDP reductase and dCMP hydroxymethylase.
Confirmatory evidence comes from a glutathione S-transferase pull-down experiment (Fig. 7) . In this experiment NDP kinase was expressed as a fusion protein with GST. An extract of cells expressing this protein was incubated separately with extracts of E. coli expressing T4 dCMP hydroxymethylase and T4 aerobic rNDP reductase (both subunits). Proteins binding to the fusion protein were eluted from glutathione-Sepharose beads and analyzed by SDS-PAGE. This experiment confirms the interactions shown between NDP kinase and both dCMP hydroxymethylase and rNDP reductase. In this experiment only the nrdB gene product, which encodes R2, the smaller rNDP reductase protein, was found to bind to the GST-NDPK fusion protein, whereas both rNDP reductase subunits were precipitated by NDP kinase antibodies (Fig. 6) . A reasonable explanation for this apparent disagreement is that only the R2 protein interacts directly with NDP kinase and that incubation conditions during the pull-down experiment favor dissociation of the tetrameric rNDP reductase protein into its constituent R1 and R2 dimers.
Possible Regulatory Functions of the NDP Kinase ProteinNucleoside diphosphate kinase is a complex, evidently multifunctional, protein (12) (13) (14) (15) (16) (17) . In mammalian cells one of the major isoforms is also a metastatic tumor suppressor protein (NM23), and one isoform is a transcription factor, whose target genes evidently include c-myc. The E. coli enzyme is a DNAbinding protein with an associated nuclease activity, and recent evidence suggests the presence of three activities of DNAuracil base excision repair in the recombinant enzyme (18) , although that conclusion has been challenged (19) . Two observations in our laboratory suggested the possibility of regulatory functions for the NDP kinase protein in E. coli.
The first observation resulted from our finding that sitedirected gene disruption of the ndk gene yields strains with mutator phenotypes that probably result from imbalanced dNTP pools (10) . The most pronounced feature of the dNTP pool effects is an accumulation of dCTP and a lesser accumulation of CTP, the ribonucleotide. In an attempt to understand this phenomenon, we found that extracts of an ndk mutant displayed 4-fold increases in the specific activity of CTP synthetase, which catalyzes the glutamine-dependent conversion of UTP to CTP (22, 23). One of several ways to explain this phenomenon is the possibility that the NDP kinase protein is a gene regulatory protein that acts, for example, by repressing the expression of CTP synthetase.
The other observation was our chance finding (20) that a pykApykF double mutant of E. coli, lacking both pyruvate kinase isoforms, is unable to grow anaerobically, whereas the triple mutant, ndkpykApykF, is fully capable of anaerobic growth (Fig. 8) . This finding, in principle, could be explained if the NDP kinase protein functions to repress one or more genes whose products are essential for anaerobic growth in the absence of pyruvate kinase activity.
To test these speculations, we first prepared a monospecific polyclonal antiserum against purified E. coli CTP synthetase. Use of this antiserum in an immunoblotting experiment FIG. 6 . Coimmunoprecipitation of T4 aerobic RNR or dCMP HMase with E. coli NDP kinase. E. coli cultures carrying no plasmid (Ϫ) or carrying plasmid expressing either RNR or dCMP HMase (ϩ) were grown, and the total proteins were labeled by induction in the presence of [ 35 S]methionine. After induction, immunoblotting was carried out to assure that both T4 proteins had been expressed during induction (not shown). Immunoprecipitation was carried out either with preimmune serum or purified antibodies to E. coli NDP kinase, as indicated, in Nonidet P-40 buffer containing 150 mM NaCl. The proteins were resolved by 12.5% SDS-PAGE, and each gel was exposed on a PhosphorImager. FIG. 7 . GST-NDP kinase pull-down analysis of T4 RNR and dCMP HMase. The Origami(DE3) strain of E. coli was used, expressing either GST, GST-NDPK (GST-NDP kinase fusion protein), T4 RNR (both R1 and R2 proteins), or dCMP HMase. Expression of the recombinant genes was induced with 0.5 mM IPTG, whereas the expression of GST was not induced but analyzed at its basal level. Lysates of cells expressing either T4 RNR or dCMP HMase were mixed with lysates of E. coli carrying no plasmid (lanes 1), E. coli expressing GST (lanes 2), or E. coli expressing the GST-NDP kinase fusion protein (lanes 3). GST pull-down was carried out with 20 l each of pre-equilibrated Glutathione-Sepharose CL 4B in 1 ml of each cell lysate. Proteins eluted from the Glutathione-Sepharose were resolved by 12% SDS-PAGE, and the proteins were identified either by Coomassie Blue staining (A) or by immunoblotting with antibodies against dCMP HMase or RNR, as indicated (B and below). Total protein in the region of interest from each gel (Input) was visualized by immunoblotting analysis.
showed that, within limits of the assay, the ndk mutant does not display an elevated amount of the CTP synthetase protein (Fig. 9) . This finding suggests that the elevated activity of CTP synthetase in an ndk mutant is not a result of release from repression but may result instead from a metabolic consequence of the ndk gene inactivation.
To investigate the basis for inhibition of anaerobic growth in a pyruvate kinase-negative mutant, we expressed active and inactive forms of E. coli NDP kinase from an expression vector. The inactive mutant resulted from a change in the active site histidine, His-117, to glycine. Based upon the crystal structures of mutant Dictyostelium NDP kinase (30), we expect this change not to significantly affect the three-dimensional structure of the protein. Now, if NDP kinase functions to repress genes essential for anaerobic growth in the absence of pyruvate kinase, then we expect that expression of either the wild-type or the mutant NDP kinase in ndkpykApykF triple mutant bacteria will allow no anaerobic growth of these cells. When the experiment was done, however ( Fig. 10) , we found that expression of the catalytically inactive NDP kinase did not interfere with anaerobic growth of the ndkpykApykF triple-mutant E. coli. This finding suggests that the effect of NDP kinase in inhibiting anaerobic growth in a pyruvate kinase-negative background is metabolic, rather than genetic, in nature.
DISCUSSION
With respect to nucleotide phosphorylation in T-even phageinfected E. coli, the most important early question was identifying the pathway by which the phage-modified nucleotide, 5-hydroxymethyl-dCMP, becomes converted to the triphosphate for incorporation into DNA. This led to the discovery of a The pyruvate kinase-deficient strains used carried mutations in both pykA and pykF genes. Overnight cultures grown aerobically in LB broth were placed in an anaerobic chamber at 37°C along with fresh medium. After 2 h, the overnight cultures were diluted into prewarmed medium, also in the anaerobic chamber, and timed measurements of A 600 were begun.
phage-specific dNMP kinase, later shown to be encoded by gene 1, which acts upon not only the phage-modified nucleotide but also dGMP and dTMP (2, 3) . The phosphorylation of dAMP to dADP was shown to be catalyzed by adenylate kinase of the host cell. This was seen as a relatively minor contribution to DNA-dAMP residues, because dAMP comes chiefly from the phage-evoked degradation of host cell DNA, a process that contributes only about 10 phage equivalent units/cell of DNA to the several hundred phage equivalent units typically formed in toto in a phage-infected cell (31) . The remainder comes from ADP via ribonucleotide reductase. Similarly, the conversion of dGMP to dGDP was seen as a quantitatively minor pathway because most of the dGDP in a cell would come from GDP, with dGMP being primarily a host DNA breakdown product.
With respect to conversion of 5-hydroxymethyl-dCDP to the triphosphate, NDP kinase of the host was found to have sufficiently broad substrate specificity to phosphorylate the phagespecific dNDP (1, 2) . In addition, no increase in specific activity of NDP kinase was seen after infection. Even in uninfected cells the specific activity of NDP kinase was shown to be 10 -20-fold higher than that of dNMP kinase in the extracts of infected cells. Thus, it was concluded that for pyrimidines, the dNMP kinase encoded by gene 1 plays the major role in converting dNMPs to dNDPs and that for purines and pyrimidines alike, E. coli NDP kinase plays the major role in converting dNDPs to dNTPs. That is what led our laboratory to seek and obtain evidence indicating that NDP kinase is linked, both physically and kinetically, to phage-coded enzymes of dNTP synthesis (4, 7, 8) .
The possibility that other enzymes might convert nucleoside diphosphates to triphosphates materialized when Saeki et al. (32, 33) reported that suppression of NDP kinase activity in E. coli, either by the NDP kinase inhibitor desdanine or by anaerobic growth conditions, led to the use of pyruvate kinase for conversion of diphosphates to triphosphates. Our laboratory found that T4 DNA synthesis in anaerobic infection is acutely sensitive to desdanine inhibition (34) , suggesting that pyruvate kinase could not substitute for NDP kinase in T4 phage-infected E. coli. Accordingly, we were surprised to learn that site-directed disruption of the ndk gene failed to interfere either with E. coli growth or its ability to support T4 infection (10) . That finding led Lu and Inouye (11) to discover adenylate kinase as an additional enzyme able to convert nucleoside diphosphates other than ADP to their respective triphosphates. Therefore, the interactions between both host-encoded kinases and phage proteins became a matter of some interest. In this paper we have identified several direct interactions between NDP kinase and T4 proteins, partly by use of biosensor and fluorescence experiments involving pairs of purified proteins and partly by immunoprecipitation and GST pull-down analysis, in which NDP kinase was shown to interact with individual phage enzymes expressed from recombinant plasmids in E. coli. Investigations of interactions involving adenylate kinase are under way.
The pronounced stimulation by nucleotides of interactions involving NDP kinase is remarkable. Although we do not yet know the mechanisms for these effects, the observations suggest that the intracellular small molecule composition could play a significant role in stabilizing the dNTP synthetase complex and, perhaps, in promoting its association with the replication apparatus, a connection that we have so far not been able to reproduce in vitro. Most papers dealing with weak noncovalent protein-protein interactions as facilitators of metabolic pathways emphasize high intracellular protein concentrations as the driving force in establishing such connections (reviewed in Ref. 35 ). The data of Figs. 4 and 5, admittedly preliminary, suggest that nucleotides and other small molecules could play equally important roles in stabilizing "metabolons," to use a term originated by the late Paul Srere (36) .
Finally, our investigations of E. coli strains bearing ndk gene disruptions have revealed unexpected phenotypes not directly related to T4 phage biology. Of particular interest are the nucleotide pool abnormalities and related mutator phenotype, phenomena that are currently under study in our laboratory. Because of the apparent metabolic connection between NDP kinase and pyruvate kinase, the laboratory of M. Inouye prepared a triple mutant lacking both pyruvate kinase isoforms and NDP kinase (10), and we made the chance observation that the ndk mutation restores to a pykApykF double mutant the capacity for anaerobic growth (20) . This finding implies that expression of the ndk gene specifically interferes with anaerobic growth in the absence of active pyruvate kinase. We considered whether this implied a regulatory role for the NDP kinase protein, perhaps as a gene repressor, but the experiment of Fig. 10 rules against this interpretation. Thus, anaerobic growth inhibition by NDP kinase in a pyruvate kinasedefective background appears to be metabolic. The basis for the anaerobic growth inhibition of the pykApykF mutant is not clear. Emmerling et al. (6) have used in vivo NMR to define metabolic adaptations in a pyruvate kinase-deficient E. coli strain. In these cells the combined action of phosphoenolpyruvate carboxylase and malic enzyme allowed cells to bypass the genetic block and convert phosphoenolypyruvate to pyruvate. A similar analysis conducted under anaerobic conditions would be of considerable interest with respect to the metabolic consequences of ndk gene expression under anaerobiosis.
